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Increased urinary saturation and kidney calcium content in genetic
hypercalciuric rats. We have established a colony of genetic hypercal-
ciuric (IH) rats as a model of idiopathic hypercalciuria in humans. To
test the hypothesis that hypercalciuria can cause crystallization in
kidneys through increased supersaturation, in the absence of confound-
ing effects of diet and whatever complex inhibitor disorders underlay
stone disease, we fed males and females of the 21st generation of IH
rats 13 g per day of a low calcium (LCD, 0.02% Ca), followed by a
normal calcium (NCD, 0.6% Ca) and then a high calcium (HCD, 1.2%
Ca) diet, each for seven days. During the last 24 hours of each period
complete urine collections were obtained and analyzed for all sub-
stances known to affect urinary calcium oxalate (CaOx) and brushite
(CaHPO4) supersaturation. Relative supersaturation with respect to the
solid phases of CaOx and CaHPO4 were then calculated. Compared to
same gender controls (Ctl) urine calcium excretion was higher in the
female IH rats on all diets and in the male IH rats on NCD and HCD.
The female and male IH rats on NCD and HCD were supersaturated
with respect to CaOx; however, the male and female Ctl were super-
saturated with respect CaOx only on HCD. The female IH rats on NCD
and HCD and the male IH rats on NCD were supersaturated with
respect to CaHPO4; however, neither the male nor female Ctl rats were
supersaturated with respect to CaHPO4 on any diet. On NCD and HCD
urine supersaturation with respect to CaHPO4 by females exceeded that
of males. Kidney calcium content was greater in the female IH rat (120
13 g/g kidney) than in any other group (male III, 68 6; female Ctl,
74 4 and male Ctl 62 4; all P < 0.01 vs. female IH) and calcium
content was correlated with CaHPO4 but not CaOx. Thus, female IH
rats have greater urinary CaHPO4 supersaturation than Ctl rats or male
IH rats, and these female IH rats have a greater kidney calcium content.
The increased urinary calcium concentration in this inbred strain of
hypercalciuric rats leads to urinary supersaturation, leading to calcium
precipitation within the kidney.
Although idiopathic hypercalciuria occurs in over one-half of
patients with calcium oxalate stones or nephrocalcinosis [1],
raises urine calcium oxalate and brushite supersaturation [2]
and, therefore, the potential for nucleation and growth of
calcium oxalate crystals [3, 4], and although reversal of hyper-
calciuria using thiazide type diuretic agents reduces stone
formation [1, 5], proof is lacking that hypercalciuria itself
causes stones [6]. Patients display increases in urine oxalate [7]
and reductions of urine citrate [7], an important calcium chela-
Received for publication May 21, 1993
and in revised form August 9, 1993
Accepted for publication August 9, 1993
© 1994 by the International Society of Nephrology
tor [8], that both may contribute to increased supersaturations.
Patients produce protein inhibitors of crystallization, such as
Tamm Horsfall protein [9] and nephrocalcin [10, 11] deficient in
inhibitory effectiveness [12]. Thiazide diuretics not only reduce
urine calcium, but also the efficiency of urinary osmotic con-
centration [13], so the fact that they lower calcium excretion
and stone formation does not prove hypercalciuria causes
stones or nephrocalcinosis.
Moreover, the relevance of calcium oxalate and brushite
supersaturations to stone formation cannot be explored in
humans. Although stones are predominantly calcium oxalate
[14], calcium phosphate salts such as brushite could be impor-
tant initiating phases. Brushite may convert to apatite [15],
which most stones contain in small amounts, often at their core
[16]. Apatite can nucleate calcium oxalate crystallization [17].
Through 21 generations of successive inbreeding of the most
hypercalciuric progeny we have established a colony of rats
each of whom excrete abnormally large amounts of urinary
calcium [18—20]. Analogous to patients with idiopathic hyper-
calciuria, we have shown that a principle mechanism of exces-
sive calcium excretion in these rats appears to be a primary
increase in intestinal calcium absorption, which is not mediated
by elevated levels of serum 1 ,25(OH)2D3 [18, 19], but appears
related to an increased number of intestinal 1 ,25(OH)2D3 recep-
tors [20].
These rats permitted us to test the hypothesis that hypercal-
ciuna itself can cause crystallization in kidneys through in-
creased supersaturation, in the absence of confounding effects
of diet and whatever complex inhibitor disorders may underlie
human stone disease. Progressive increases in dietary calcium
in the bred hypercalciuric rat increases urinary calcium excre-
tion above normal for rats, and also increases supersaturation
with respect to calcium oxalate and brushite that should, in
turn, lead to renal calcium deposition.
We found that increasing dietary calcium content produced
increasing hypercalciuria in male and female rats, but because
of differences of urine volume and oxalate concentration, led to
urine that was more supersaturated with respect to brushite in
female than male rats, thus dissociating hypercalciuria from
supersaturation, and calcium oxalate and brushite supersatura-
tions from one another. The calcium content of kidney tissue
increased among female hypercalciuric rats, in proportion to
brushite supersaturation, but did not increase among male rats
despite equivalent hypercalciuria. This experiment, therefore,
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offers the intriguing possibility that when hypercalciuria in-
creases supersaturation of calcium phosphate salts, such as
brushite, and therefore raises the driving force for apatite
formation, kidney tissue calcium deposition may occur as a
consequence. By extension, supersaturation other than calcium
oxalate itself may be relevant to renal crystallizations, at least
in this one rodent model of human hypercalciuria.
Methods
Establishment of hypercalciuric rats
Initially, 20 male and 20 female adult Sprague-Dawley rats
(Charles River Laboratories, Kingston, New York, USA) were
screened for hypercalciuria [181. The rats were placed in
individual metabolic cages (Nalgene, Rochester, New York,
USA) and allowed five days to adjust to the cage and diet.
During this time, the animals were fed 13 glday of a diet
containing 0.6% calcium, 0.65% phosphorus, 0.24% magne-
sium, 0.40% sodium, 0.43% potassium, and 2.2 IU vitamin
D3/gram of food (NCD, normal calcium diet). Deionized dis-
tilled water was provided ad libitum. Two successive 24 hour
urine collections in 0.25 ml 12 N HC1 were then obtained on
days 6 and 7 to measure the urine calcium excretion. The three
male and three female rats with the greatest calcium excretion
were used to breed the next generation. A similar protocol was
used to select the two to three most hypercalciuric males and
three to four most hypercalciuric females for inbreeding of
subsequent generations.
Study protocol
Twenty first generation male and female hypercalciuric rats
were kept in the metabolic cages and fed a low calcium diet
(LCD, 0.02% calcium, 0.40% phosphorus) for seven days then
switched to the NCD (0.6% calcium, 0.65% phosphorus) for
seven days, and finally a high calcium diet (HCD, 1.2% calcium.
0.90% phosphorus) for seven days. Control rats were housed
and fed identically. Calcium content was varied by alteration of
the dietary calcium carbonate and calcium phosphate content.
All diets were matched for magnesium, sodium, potassium,
calories, vitamin and trace metal content. Rats were offered 13
g/day of each diet which we have previously shown is the
amount of food consumed by a female rat of this weight [18, 19,
2 1—25]. The control rats were the same gender, the same strain
(Sprague-Dawley), obtained from the same supplier (as above),
and were studied concurrently at the same age and weight as the
inbred hypercalciuric rats. During the last day of each dietary
period urine was collected in thymol and frozen at —70°C for
subsequent biochemical determinations. We have previously
found that three to five days of diet equilibration is sufficient to
achieve stable values of urine calcium excretion [18, 19, 21—25].
Any rat that ate less than 12 g of food or drank less than 15 ml
of water on any day of the study was excluded from the entire
study.
Chemical determinations
Calcium and magnesium were measured by atomic absorp-
tion spectrophotometry (Video 22, Instrumentation Laboratory
Inc., Andover, Massachusetts, USA) [24], sodium and potas-
sium by flame photometry (Model 443, Instrumentation Labo-
ratory, Inc.) [21]. Chloride was measured by electrometric
titration (Buchler-Cotlove, Fort Lee, New Jersey, USA) [23,
25] and phosphorus by autoanalyzer methods (Autoanalyzer
model II, Technicon Instruments, Tarrytown, New York,
USA) [21]. pH and PCO2 were measured with a blood gas
analyzer (model BMS Mk III, Radiometer, Copenhagen Den-
mark) and [HC03] was calculated by the Henderson-Hassel-
balch equation as previously described [24]. Citrate was mea-
sured using a coupled enzyme system in the presence of NADH
(Boehringer Mannheim, Indianapolis, Indiana, USA), sulfate
by the method of Ma and Chan [26], urate by the uricase
method [27], oxalate by reduction with zinc to glycolate [28].
Urinary supersaturation
The calcium oxalate ion activity product was calculated using
the computer program EQUIL developed by B. Finlayson [29].
The computer program calculates free ion concentrations using
the concentrations of measured ligands and known stability
constants. Ion activity coefficients are calculated from ionic
strength using the Davies modification of the Debye-Huckel
solution to the Poisson-Boltzman equation [29]. The program
simultaneously solves for all known binding interactions among
the measured substances. Oxalate, phosphorus and calcium ion
activities were used to calculate the free-ion activity products.
The free ions in solution are considered to be in an equilibrium
with the dissolved calcium oxalate governed by a stability
constant (K) of 2.746 x i03 M1 and with the dissolved brushite
governed by a K of 0.685 x iO M 1 The value of calcium
oxalate in a solution at equilibrium with a solid phase of calcium
oxalate, the solubility of calcium oxalate, is 6.16 x 10—6 M per
liter. The value of brushite in a solution at equilibrium with a
solid phase of brushite, the solubility of brushite, is 3.981 X
iO M per liter at pH = 7.0. The relative supersaturation for
calcium oxalate is calculated as the ratio of the free-ion activity
product of calcium and oxalate in the individual urine to the
solubiity of calcium oxalate. The relative supersaturation for
brushite is calculated as the ratio of the free-ion activity product
of calcium and phosphate in the individual urine to the solubiity
of calcium phosphate. Ratios of 1 connote a sample at equilib-
rium, above 1 supersaturation, and below 1 undersaturation.
The ability of this computer program to accurately predict the
saturation of urine or other solution with respect to the solid
phase is excellent [29—3 1]. With a series of 20 artificial solutions
the equilibrium calcium concentration and the extent of calcium
precipitation were predicted with average errors of 5 9% and
5 8% (mean SD), respectively [29]. We have used this
computer program previously and found excellent correspon-
dence between calculated and experimentally measured satura-
tions in urine and blood [32] and in bone culture medium [30,
31].
Kidney calcium content
The frozen kidney was thawed at room temperature and
weighed. Ions were extracted by dissolving the kidney in a
solution of 35% nitric acid and 35% perchloric acid (by volume)
at 95°C for seven hours [21, 23, 25].
Statistical analysis
All tests of significance were calculated using analysis of
variance with a Bonferroni correction for multiple comparisons,
and regressions were calculated by least squares (BMDP,
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Ctl IH Ctl IH
Male Female
University of California at Los Angeles, Los Angeles, Califor-
nia, USA). Values are expressed as mean SE; P < 0.05 was
considered significant.
Results
Calcium excretion
Urine calcium excretion was greater in the male hypercalci-
uric (IH) rats on the normal calcium (NCD) and high calcium
(HCD) diets and in the female IH rats on all diets compared to
similar gender control (Ctl) rats (Fig. 1, Table 1). Urine calcium
excretion increased in male IH rats fed diets of increasing
calcium content. Urine calcium excretion increased in female
IH rats when dietary calcium increased from low calcium diet
(LCD) to NCD, but did not increase further with HCD. In male
and female Ctl rats urine calcium excretion was not altered
when dietary calcium increased from LCD to NCD; however,
in both genders urine calcium increased when rats were fed
HCD.
Oxalate excretion
There was no difference in urine oxalate excretion in male Ct!
and IH rats eating any of the diets (Fig. 1 and Table 1). Female
Ctl rats fed LCD had a lower oxalate excretion than IH rats fed
LCD or Ctl rats fed NCD or HCD.
Phosphorus excretion
Urine phosphorus excretion was not different between male
IH and Ctl rats on each diet (Fig. 1, Table 1). In the female IH
rats urine phosphorus was not different on NCD and HCD and
Fig. 1. Urinary calcium, oxalate and
phosphorus excretion (mean SE) in male
and female control (C:!) and inbred
hypercalciuric (IH) rats. Rats were fed a
low calcium diet (LCD, 0.02% calcium,
0.40% phosphorus) for 7 days, then a
normal calcium diet (NCD, 0.6% calcium,
0.65% phosphorus) for 7 days, and finally a
high calcium diet (HCD, 1.2% calcium,
0.90% phosphorus) for 7 days, Each rat was
fed, and completely consumed, 13 g per day
of each diet. Number of rats in each group
and differences between groups as in Table 1.
higher on LCD compared to Ctl female rats. There was a
progressive decrease in urine phosphorus excretion in all rats
when fed diets with increasing calcium content, in spite of the
increasing phosphorus content from 0.40% to 0.90% in LCD
compared to HCD (Methods).
Citrate excretion
Compared to similar sex Ctl rats citrate excretion was higher
in the male IH rats fed HCD and in the female IH rats fed LCD.
In the male, but not the female, citrate excretion increased in
the IH rats with increasing dietary calcium content.
Urine pH
There was no difference in urine pH in any group of rats
eating LCD or in male Ctl and IH rats eating NCD. Female IH
rats eating NCD had a lower urine pH than Ctl females. Male
Ctl rats eating HCD had a higher urine pH than male IH or
female Ctl or IH rats. With increasing dietary calcium content
there was a progressive increase in urine pH in IH male and in
Ctl and IH female rats. Urine pH was greater in Ct! male rats
eating HCD than eating NCD or LCD.
Urine saturation with respect to calcium oxalate
The urine from male Ctl and IH rats eating LCD was not
supersaturated with respect to calcium oxalate (CaOx) (Fig. 2).
However, male IH on NCD, but not Ctl rats on NCD, were
supersaturated with respect to CaOx. On HCD the urine from
both male IH and Ct! rats was supersaturated with respect to
CaOx. With the male IH rats urine saturation relative to CaOx
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N
Calcium mg/24 hr
LCD
NCD
HCD
Oxalate mg/24 hr
LCD
NCD
HCD
Phosphorus mg/24 hr
LCD
NCD
HCD
Magnesium mg/24 hr
LCD
NCD
HCD
Sodium mEq/24 hr
LCD
NCD
HCD
Potassium mEq/24 hr
LCD
NCD
HCD
Chloride mEq/24 hr
LCD
NCD
HCD
Uric acid mg/24 hr
LCD
NCD
HCD
Citrate mg/24 hr
LCD
NCD
HCD
Sulfate mEq/24 hr
LCD
NCD
HCD
Creatinine mg/24 hr
LCD
NCD
HCD
pH
LCD
NCD
HCD
Volume ml
LCD
NCD
HCD
8
0.33 0.04
0.38 0.04
1.01 024d,e
0.52 0.05
0.54 0.06
0.57 0.05
40.6 2.5
20.1 12d
3.15 096d,e
7.1 0.7
6.9 0.34.3 O7°
1.71 0.09
1.68 0.23
1.81 0.05
0.89 0.03
1.08 004d
1.09 0.05"
0.99 0.06
1.21 004"
1.26 007d
4.5 1.7
3.2 0.3
2.8 0.1
11.3 1.6
20.6 3.2
25.3 36"
0.28 0.03
0.31 0.04
0.34 0.05
7.7 0.7
10.0 05"
11.2 0.8'
5.7 0.1
6.1 0.1
7.6 02d,e
13 2
13 2
13 2
0.51 0.06
1.77 061a,d
3.07 023a,d,e
0.54 0.07
0.48 0.04
0.56 0.03
41.1 2.5
22.3 14"
5.67 084d,e
6.8 0.8
9.0 0.9
6.6 0.9
1.62 0.06
1.75 0.12
1.60 0.09
0.97 0.07
1.00 0.07
0.90 0.06
1.06 0.03
1.09 0.10
1.10 0.04
3.3 0.3
3.1 0.2
2.9 0.1
14.2 2.3
29.4 36"
41.4 33a,d,e
0.42 0.06
0.47 0.05
0.38 0.03
5.8 0.4
8.0
8.6 03d
5.6 0.1
6.1 01"
6.7 01,d,e
17 419 424 4
0.34 0.03
0.61 008b
1.42 034b,d,e
0.25 003a.b
0.41 004d
0.52 006d
33.0 1•5b
20.6 13"
9.71 137a,d,e
5.1 0.7
5.8 0.5
4.7 0.5
1.67 0.09
1.88 0.06
1.70 0.09
1.05 0.08
1.27 007b
1.12 0.08
0.98 0.06
1.24 0.04
1.11 0.10
2.5 0.6
1.9 0.1
1.4 01a,b
9.6 1.5
24.1 28"
26.8 26b.d
0.57 0.07°
0.64 0.08°
0.51 0.08
7.1 0.3
10.4 04b,d
11.0 03b,d
5.7 0.16.3 01"6.8 ola,d,
8±1
10 1
12 1"
1.58 028a,b,c
3.12 043a,c.d
3.85 041a,c,d
0.41 0.03C
0.33 0.02
0.41 002b
47.5 0.9C
22.3 15"
8.72 O36a,c
8.3 0.9C
8.4 1.6
7.8 1.5
1.82 0.07
1.63 0.24
1.90 0.05°
1.08 o.o5
1.05 0.07
1.09 0.07
1.05 0.05
1.11 0.07
1.13 0.04
2.7 0.1
2.3 0.2
1.8 01a,b,d
19.8 2.6a.C
31.3 3,5
33.6 5.2
0.88 010a,b,C
0.74 0.10°0.80 0,b,c
6.4 0.4
8.5 04c,d
10.5
5.6 0.1
6.0 olc,d
6.8 01a,d,
18 3C
17 3
17 3
was correlated directly with urine calcium concentration (Fig.
3, r = 0.963, N = 18, P < 0.001).
The urine from female IH, but not Ctl, rats eating LCD was
supersaturated with respect to CaOx (Fig. 2). On both NCD and
HCD the urine from female IH rats was more supersaturated
than Ctl with respect to CaOx. With the female IH rats urine
saturation relative to CaOx was correlated directly with urine
calcium concentration (r =0.859, N = 24,P < 0.001; Fig. 3). At
Table
Male
1. Urine excretion
Female
Ct! IH Ct! IH
6 8 8
Values are mean SE for N rats in each group of male and female control (Ctl) and hypercalciuric (IH) rats. Rats were fed a low calcium diet
(LCD, 0.02% calcium, 0.40% phosphorus) for 7 days, then a normal calcium diet (NCD, 0.6% calcium, 0.65% phosphorus) for 7 days and finally
a high calcium diet (HCD, 1.2% calcium, 0.90% phosphorus) for 7 days. Each rat was fed, and completely consumed, 13 g per day of each diet.
Different from same diet Ctl male, P < 0.05
b Different from same diet IH male, P < 0.05
c Different from same diet Ct! female, P < 0.05
d Different from same group LCD, P < 0.05
e Different from same group NCD, P < 0.05
0
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C0
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x000
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any urine calcium concentration the urine saturation relative to
calcium oxalate in male IH rats was greater than in female IH
rats (F ratio = 62.1, P < 0.001).
Urine saturation with respect to brushite
The urine from male Ctl rats was undersaturated with respect
to brushite (CaHPO4) on all three diets (Fig. 2). However, the
urine from the male IH rats was supersaturated with respect to
CaHPO4 on NCD, but not LCD or HCD. With the male IH rats,
urine saturation relative to CaHPO4 was correlated directly
with urine calcium concentration (Fig. 4; r = 0.605, N = 18, P
<0.01).
The urine from female Ctl rats was not supersaturated with
respect to CaHPO4 on any diet (Fig. 2). However, the urine
from female IH rats was markedly supersaturated with respect
to CaHPO4 on NCD and HCD, but not LCD. With the female
IH rats, urine saturation relative to CaHPO4 was correlated
directly with urine calcium concentration (Fig. 4; r = 0.810, N
= 24, P < 0.001). There was no difference in the correlation
between urine calcium concentration and urine saturation rela-
tive to CaHPO4 between the male and female IH rats (F =2.60,
P = 0.09); however, on all three diets there was greater urine
saturation relative to CaHPO4 in the female IH rats (Fig. 2).
Kidney ion content
Kidney calcium content was significantly greater in female IH
rats than in male IH or male or female Ctl rats (Fig. 5). For all
rats on HCD kidney calcium content was correlated directly
with supersaturation relative to CaHPO4 (r = 0.511, N = 29,
P <0.001, Fig. 6) but not relative to CaOx (r = 0.247, N = 28,P = 0.206). There was no difference in renal phosphorus
content in any group (Table 2). The female IH rats had greater
sodium content than any other group and a greater potassium
content than the Ctl male and female rats.
Discussion
Our study began with the hypothesis that hypercalciuria itself
increases supersaturation with respect to calcium oxalate and
brushite, which the results support, and led to the surprising
conclusion that increased brushite supersaturation correlates
with kidney tissue calcium deposition whereas calcium oxalate
supersaturation does not. Female but not male hypercalciuric
rats had increased kidney calcium content compared to the
control rats, and female hypercalciuric rats had greater super-
saturation with respect to brushite compared to their male
counterparts. For all rats combined kidney calcium content was
correlated significantly with supersaturation on the high cal-
cium diet relative to brushite but not calcium oxalate.
Renal phosphorus content was not elevated in the female
hypercalciuric rats, which one might expect if the solid phase
being deposited was brushite; however, compared to calcium,
cells contain much larger amounts of phosphorus (compare
Table 2 and Fig. 5), so additional amounts of phosphorus in
crystal deposits might be difficult to detect. The increased
sodium and potassium found in the female hypercalciuric rats
does not help to identify the crystal type, as these ions are often
found as nonspecific inclusions in many mineral phases [33]. In
this study we did not attempt to identify the mineral phase being
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Fig. 2. Relative saturation ratios of calcium
oxalate (CaOx) and calcium hydrogen
phosphate (brushite, CaHPO4) for the male
and female control (Ctl) and inbred
hypercalciuric (IH) rats fed a low calcium
diet (LCD, 0.02% calcium, 0.40%
phosphorus) for 7 days, then a normal
calcium diet (NCD, 0.6% calcium, 0.65%
phosphorus) for 7 days, and finally a high
calcium diet (HCD, 1.2% calcium, 0.90%
phosphorus) for 7 days. Each rat was fed,
and completely consumed, 13 g per day of
each diet. Number of rats in each group as
in Table 1 and differences between groups
as in Results. The relative supersaturation
for CaOx is calculated as the ratio of the
free-ion activity product of calcium and
oxalate in the individual urine to the
solubility of CaOx. The relative
supersaturation for CaHPO4 is calculated as
the ratio of the free-ion activity product of
calcium and phosphate in the individual
urine to the solubility of CaHPO4.
Ctl IH Ctl IH
Male Female
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Urine calcium concentration
mg/dl
Fig. 3. Relative saturation ratios for calcium oxalate (CaOx) as a
function of urine calcium concentration for individual male and ftmale
inbred hypercalciuric (IH) rats fed a low calcium diet (LCD, 0.02%
calcium, 0.40% phosphorus) for 7 days, then a normal calcium diet
(NCD, 0.6% calcium, 0.65% phosphorus) for 7 days, and finally a high
calcium diet (HCD, 1.2% calcium, 0.90% phosphorus) for 7 days. Each
rat was fed, and completely consumed, 13 g per day of each diet. The
relative supersaturation for CaOx is calculated as the ratio of the
free-ion activity product of calcium and oxalate in the individual urine
to the solubiity of CaOx. With male IH rats urine saturation relative to
CaOx was correlated directly with urine calcium concentration (solid
line, r = 0.963, N = 18, P < 0.001) and with female IH rats urine
saturation relative to CaOx was correlated directly with urine calcium
concentration (dashed line, r = 0.859, N 24, P < 0.001). At any urine
calcium concentration the urine saturation relative to calcium oxalate in
male IH rats was greater than in female IH rats (F ratio = 62.1, P <
0.001).
deposited, locate the site of renal calcium deposition, nor
determine whether the calcium was deposited in the form of a
solitary stone or in the renal parenchyma. Further studies will
be necessary to determine these parameters of calcium deposi-
tion in the female hypercalciuric rat.
The urine supersaturation with respect to brushite and cal-
cium oxalate found in the hypercalciuric rats is a function of
their increased urine calcium concentration. With increasing
dietary calcium content the supersaturation with respect to
brushite occurred in spite of a fall in urine phosphorus excre-
tion. The decrease in urine phosphorus excretion which oc-
Urine calcium concentration
mg/dI
Fig. 4. Relative saturation ratios for brushite (CaHPO4) as a function
of urine calcium concentration for individual male and female inbred
hypercalciuric (IH) rats fed a low calcium diet (LCD, 0.02% calcium,
0.40% phosphorus) for 7 days, then a normal calcium diet (NCD, 0.6%
calcium, 0.65% phosphorus) for 7 days, and finally a high calcium diet
(HCD, 1.2% calcium, 0.90% phosphorus) for 7 days. Each rat was fed,
and completely consumed, 13 g per day of each diet. The relative
supersaturation for CaHPO4 is calculated as the ratio of the free-ion
activity product of calcium and phosphate in the individual urine to the
solubility of CaHPO4. With the male IH rats urine saturation relative to
CaHPO4 was correlated directly with urine calciu,' concentration (solid
line, r = 0.605, N = 18, P < 0.01). With the iemale IH rats urine
saturation relative to CaHPO4 was correlated directly with urine
calcium concentration (dashed line, r = 0.810, N = 24, P < 0.001).
There was no difference in the correlation between urine calcium
concentration and urine saturation relative to CaHPO4 between the
male and female IH rats (F ratio = 2.60, P 0.09).
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Fig. 5. Kidney calcium content (mean SE) in male and female control
(Ctl) and hypercalciuric (IH) rats. Number of rats in each group as in
Table 1. *, different from Ctl male, P < 0.05; +, different IH male, P <
0.05; o, different from Ctl female, P < 0.05.
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curred, even though the higher calcium diets contained more
phosphorus, is almost certainly due to the formation of unab-
sorbable calcium phosphate complexes in the intestine. With
increasing dietary calcium there was no change in oxalate
excretion indicating that the supersaturation with respect to
calcium oxalate was again a function of increasing calcium
excretion.
The differential increase of brushite supersaturation and
calcium oxalate supersaturation among female compared to
male hypercalciuric rats on the high calcium diet reflects mainly
the higher urine calcium and phosphorus concentrations of the
female rats (14.8 2.6 mgldl vs. 25.6 2.3, P < 0.001 and 25.7
4.9 mg/dl vs. 62.1 7.8, P < 0.001 for calcium and
phosphorus, male vs. female, respectively).
The relative role of inhibitors of stone formation in female
and male hypercalciuric rats cannot be determined from this
Ctl IH Ctl lH
Male Female
study. Citrate is a known inhibitor of stone formation [34, 351;
however, there were no differences in citrate excretion between
the male and female hypercalciuric rats on any diet. With
increasing dietary calcium content urinary citrate increased in
the male, but not the female, hypercalciuric rats. The failure to
increase citrate excretion in the female hypercalciuric rats may
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Male Female
Ct! IH Ct! IH
N 8 6 8 8
Weight g 1.13 0.03 1.00 0.02 0.98 0.03a 0.91 0.02'
Phosphorus 2749 152 3145 205 2982 163 3189 148
sg Pig
kidney
Sodium 73 3 77 4 82 5 98 7abc
&Eq Naig
kidney
Potassium 40 3 52 5 47 7 63
jsEq KIg
kidney
Values are mean SE for N rats in each group of male and female
control (Ctl) and hypercalciuric (IH) rats. Rats were fed a low calcium
diet (LCD, 0.02% calcium, 0.40% phosphorus) for 7 days, then a normal
calcium diet (NCD, 0.6% calcium, 0.65% phosphorus) for 7 days, and
finally a high calcium diet (HCD, 1.2% calcium, 0.90% phosphorus) for
7 days. Each rat was fed, awl completely consumed, 13 g per day of
each diet
a Different from Ctl male, P < 0.05'Different from IH male, P < 0.05
Different Ctl female, P < 0.05
have made them more susceptible to renal calcium salt deposi-
tion. The higher calcium diets contained more carbonate which
would lead to an increase in urinary pH and citrate excretion
[36, 37]. While the increase in citrate would inhibit calcium
deposition, the increase in pH would promote precipitation of
brushite. In this study urinary pH was directly correlated with
urinary citrate excretion for all rats on all diets (r 0.436, N =
90, P < 0.001). The role of other inhibitors of stone formation,
such as nephrocalcin [11, 38] or uropontin [39, 40], remains to
be determined.
Each mating pair of rats in each of the preceding generations
was selected for maximal urine calcium excretion. Excretion of
all other measured ions was not altered by this selection
process; urinary calcium is the only measured ion that has an
augmented excretion (Table 1). The magnitude of the urine
calcium excretion has tended to increase since we first reported
on the fourth generation of these rats [18]. Both normal and
hypercalciuric female rats excrete more urine calcium than
comparable male rats [18, 21]. Eating the 13 g per day of the
normal calcium (0.6% calcium) diet in the fourth generation the
female rats excreted 1.8 0.2 mg124 hr [18], in the tenth
generation the rats excreted 2.9 0.4 mg/24 hr [20], and in the
nineteenth generation the rats excreted 4.9 0.3 mg/24 hr [19].
In all studies the control females of a similar size eating the
same NCD excreted less than 0.75 mg/24 hr [18—21]. In the
current study the female rats excreted 3.1 0.4mg of calcium
per 24 hours, which appears comparable to females of the tenth
generation and somewhat less than those of the nineteenth
generation. It is unclear why the mean urine calcium excretion,
which had increased from generation 4 to 19, appears to be
somewhat decreased in the current generation. Further studies
will be necessary to determine the trend of urine calcium
excretion in the future generations of rats.
The principal mechanism of hypercalciuria in these inbred
hypercalciuric rats appears to be an increase in intestinal
calcium absorption [18], although there appears to be a lesser,
but significant, component of enhanced bone demineralization
either as a primary process or mediated through enhanced renal
calcium excretion [19]. Thus is not surprising that in this study
urine calcium excretion increased with increasing dietary cal-
cium and that the male hypercalciuric rats, which grow faster
than females and thus have greater skeletal calcium needs, fed
a low calcium diet (0.02% calcium) did not have a significant
increase in urine calcium compared to control males [21].
In this study we have shown that the increased urine calcium
excretion in the inbred hypercalciuric rats leads to urinary
supersaturation with respect to calcium oxalate and brushite
and is associated with increased renal calcium deposition in the
most supersaturated hypercalciuric rats—the females. Further
studies will be necessary to determine the nature of the calcium
deposition and the specific mineral phase formed.
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